Abstract In
Introduction
As of the year 2000, several publications have demonstrated the safe and efficient use of minimally invasive osteosynthesis in humeral shaft fractures with insertion of bridge plates (MIPO). All of the authors, some through clinical and others through anatomical studies, highlighted the importance of taking particular care in cases of radial nerve lesion, vulnerable along the spiral groove on the humeral shaft [1, 5, [9] [10] [11] 20] .
Such studies, some resorting to helical while others favoured conventional implants, were consistent about the placement with the highest level of safety for implant fixation, which is the anterior surface of the humeral shaft in midshaft fractures or the anterior-lateral column surface in distal fractures. None of them, however, shows how far from the implant the radial nerve actually is and which is the area of greatest nerve vulnerability as a consequence of the proximity to the implant [1, 4, 5, 7-13, 19, 20] .
The objective of this study is to disclose, by means of postoperative ultrasonography, the topographic relationships of the radial nerve along the area occupied by the surgical implant, thus determining the zones of greatest vulnerability and safety for the treatment of humeral shaft fractures using the MIPO technique.
MIPO technique. All of the patients were operated upon by the same surgeon (LB) in three hospitals located in the region of Campinas, SP, Brazil, always following the same surgical technique [9] [10] [11] . There were no cases of iatrogenic radial nerve lesion. Postoperative ultrasound examinations were performed in all patients.
Only 19 patients agreed to and were present for the examination. Of these patients 15 were men and four women, ranging in age from 20 to 73 years (mean: 40.52 years). The time between surgery and examination ranged between one and 80 months (mean: 32.0 months).
The patients were divided into two groups: group A with midshaft fractures where the plate was fixed to the anterior surface of the humeral shaft and moulding was not necessary (Fig. 1, Table 1 ) and group B with distal third fractures where the plate was fixed to the anterior surface of the lateral column of the humerus (Fig. 2, Table 2 ). In the latter situation, the plate was pre-moulded to fit to the contour of the distal third of the humerus and its proximal extremity slightly twisted internally to rest on the anterior surface of the humerus perfectly. All examinations were carried out between July and August of 2007 by the same examiner (AKC) and with the same device, a Voluson 730 EXPERT® with a multifrequency linear probe manufactured by GE®.
The patients were seated on the examining table, with the upper limb at rest on the table and the elbow slightly bent. Longitudinal and transversal cuts were made to identify the radial nerve and its entire route, analysing its relationship to the plate fixed on the humerus. The distance between the nerve and the plate was then measured at the point where the distance was smaller, which was named the "critical point".
To avoid distortion of the anatomical relationships of the structures being analysed, the pressure of the probe on the arm was minimal, just sufficient to identify and measure distances of interest.
After ultrasonographic determination of the critical point, the shaft of the humerus was clinically divided into four equal parts and then the critical point location was related to these four parts. Thus, there would be practical applicability of ultrasound findings. In other words, the surgeon would be able to easily identify, during the surgical procedure, the region of greater proximity between the nerve and the material to be implanted. This region was clinically determined and named the "critical zone".
Results
In patients with midshaft fractures (group A), the distances obtained at the "critical point" ranged between 1.6 and 19.6 mm (mean: 9.3 mm). In patients with distal third fractures (group B), the distances obtained at the a b "critical point" ranged between 1.0 and 8.1 mm (mean: 4.0 mm). As a consequence of sample heterogeneity, the chosen option was statistical analysis by a non-parametric method. There was no statistically significant difference between the two groups (p=0.091).
Discussion
Whether its onset occurs during conservative or operative treatment, radial nerve palsy is the most common nervous lesion, causing long bone fracture complications [14, 15] .
The radial nerve is the continuation of the posterior fascicle of the brachial plexus (C5, C6, C7, C8 and T1). Beginning in the shoulder behind the axillary artery, it continues along the posterior axillary wall (in front of the subscapularis, latissimus dorsi and teres major muscles) and then crosses the triangular space between the long head of the triceps brachii muscle, the shaft of the humerus and under the teres major muscle. In the arm, the nerve is located in the groove that takes its name, on the posterior surface of the humerus, between the lateral and medial heads of the triceps brachii. After crossing the back of the humerus, the nerve traverses the lateral intermuscular septum and goes into the anterior compartment, between the brachialis and brachioradialis muscles [16, 17] . Whitson (1954) [18] demonstrated that the radial nerve does not cross the radial groove located in the humeral shaft. Instead, for most of its route the nerve is separated from the humerus by 1.0-5.0 cm of muscle. The nerve is closely connected to the inferior portion of the radial groove, but not in direct contact with the same. Only a small part of the supracondylar ridge of the humerus is in close contact with the nerve and it is in this region that the nerve crosses the lateral intermuscular septum before reaching the surface of the brachioradialis muscle. At this point that the nerve has less mobility and greater susceptibility to mechanical lesions [6, [16] [17] [18] .
In this last decade, minimally invasive osteosynthesis of humeral shaft fractures by means of bridge plates (MIPO) has been extensively used worldwide. Some authors choose helical implants, others prefer locking compression plates (LCP), while some, like us, use conventional implants. The common ground among all authors, with only small technical variations, is that the only safe region for this procedure is the anterior surface of the humerus. This is evidently due to anatomical peculiarities of the radial nerve, as already discussed [1, 4, 5, 7-13, 18, 20] .
In 2007, Lau et al. published their experience with the MIPO technique using LCP implants in proximal humeral shaft fractures. The authors suggest that LCP implants be used especially in elderly and osteoporotic patients. In order to minimise complications, the authors advise staying at least 8.0 cm proximal to the lateral epicondyle to avoid radial nerve injury at the intermuscular septum [8] .
Bodner et al. reported the use of the ultrasonographic examination to diagnose radial nerve compression syndromes. In these articles, the nerve was easily, clearly and safely identified, which motivated us to make use of the postoperative ultrasonographic examination for patients treated for humeral shaft fractures by the MIPO technique.
The intention was to demonstrate in vivo, through an innocuous examination, the topographic relationship between the radial nerve and the material to be implanted [2, 3] .
Although our previously published case study, along with those of other authors, might corroborate the safety of the method, we believe that the ultrasound mapping of the radial nerve in connection with the implant might better clarify how safe this technique actually is, in addition to providing data on sites of greater vulnerability and susceptibility to iatrogenic nervous lesion.
Our findings show that the nerve is closely related to the implant, mainly in the distal third of the humerus. Actually, the highest risk zone is located in the transition between the third and fourth quarters of the humeral shaft (Fig. 3) . Such findings are consistent with classic anatomical studies that reveal that the radial nerve is closer to the diaphysis in the lateral intermuscular septum region, especially in its distal extremity [6, [14] [15] [16] [17] [18] . The surgeon should be aware of this fact when choosing the therapeutic method, mainly in more distal fractures (group B), where the plate will go up to the end of the distal third of the humerus.
From a statistical viewpoint, we were not able to demonstrate any significant difference between the two groups of operations performed concerning the higher probability of radial nerve lesion, since the number of cases with more distal fractures was very low. Perhaps with a larger number of cases, especially those involving more distal fractures, it will be possible to conclude that one or the other group presents a higher statistical risk of radial nerve lesion when treated by the MIPO technique.
Ultrasound findings show great variability of what we call the critical point, that is the point where the nerve is closest to the implant. In some patients, this distance was practically non-existant (1.0 mm) and in others around 14.0 mm. This great variation may be related to with the muscular mass of the patient, the presence of fracture haematoma in more acute cases, variations of fracture configurations or individual anatomical build, besides the possibility of small technical variations during the moulding process or site for implant fixation. Despite these variations, one constant factor of great practical importance can be found in every case: the critical point (determined by ultrasound) was closely related to the transition between the third and fourth quarters of the humeral diaphysis. In other words, the surgeon who opts for this technique should know beforehand that the critical zone, that is the point where the nerve is most vulnerable and susceptible to a lesion caused by the implant, is quite close to the transition between the third and fourth quarters of the humeral shaft.
In any case, as a result of the data obtained, it is extremely important for the surgeon to be aware of the required technical details to perform this procedure. Special care should be taken to introduce the implant delicately, in the subperiosteal region, in a distal to proximal direction in more distal fractures and from proximal to distal in midshaft fractures, always with the elbow joint in semiflexion. Soft tissue handling should be as gentle and atraumatic as possible. Retractors should be very carefully handled to avoid damage to the radial nerve, by stretching or contusion. Retractors of the Hohmann type should be avoided. The implant should be accurately positioned, fixed and set on the anterior surface of the humeral shaft [9] [10] [11] 20] . It should be emphasised that the team interested in the use and application of this technique should undertake studies and training in an anatomy laboratory.
This study allows us to conclude that, although the clinical results presented by several authors in recent years have revealed that the MIPO technique applied to the treatment of diaphyseal humeral fractures is a safe and efficient method, the risk for radial nerve lesions is real and should not be undervalued, even when all technical Fig. 3 Anatomical piece of a distal fourth humeral shaft cut showing the close relationship between the radial nerve (narrow arrow) and the plate (broad arrow) inserted on the anterior surface of humeral shaft precautions are followed. The decision to choose this method should be taken individually and on a case-by-case basis, analysing the type of fracture, staff training and its acceptance by the patient, after being duly informed of the potential risks involved.
